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1. Angular dependent photoluminescence (ADPL) spectroscopy 
Thin films of emitter and host were co-evaporated in high vacuum on a pre-cleaned quartz glass 
substrate. 10 % doping ratio of emitter molecules in the host matrix was obtained by controlling 
the deposition rate. This substrate was then glued with an index matching fluid on a fused-silica 
prism which was mounted on a rotating stage. The organic film was then optically excited by a 
UV laser ( =  nm) under normal incidence and rotated from -90° to +90° as shown 
schematically in Fig. S1. The luminescence was recorded with a grating spectrograph coupled 
to a liquid-nitrogen cooled charge-coupled device ((Princeton Instruments Acton 2300i with 
PyLoN detector) in s and p polarization mode. Both signals were then subjected to numerical 
simulation to check the film thickness (s-pol.) and, most importantly, to obtain the orientation 
factor () from the p-pol. component: 






2 is the sum of the power emitted by vertically oriented dipoles and Ʃ𝑝2 is the total 
power emitted by all emitting dipoles. The detailed method description can be found in 
references (Frischeisen et al., 2010) & (Schmidt et al., 2017).  
 
Figure S1: Schematic illustration of the measurement setup used for determining the TDM 
orientation factor of emissive thin films. 
The input parameters for the numerical simulation are the film thickness and the optical 
parameters of the film, i.e. refractive index (n) and extinction coefficient (κ) in dependence on 
wavelength, which were determined beforehand by ellipsometry. Furthermore, one has to 
consider that host materials can be birefringent, if they form so-called anisotropic molecular 
glasses (Yokoyama, 2011) (Ediger et al., 2019)), as discussed further below. During analysis 
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the n and  values of the neat host films were used; however, they might change slightly in 
host-emitter films, which may be a possible source of error in the fitted  values. Nevertheless, 
the overall errors for the determination of the TDM orientation parameters shown in Figs. S2 
and S3 are relatively small and do not affect the overall trend seen in the different host materials 
and the conclusions drawn from it in the main manuscript. 
 
Figure S2: Measured (blue dots) and fitted (orange lines) ADPL spectra of DMAC-TRZ in 





Figure S3: Measured (blue dots) and fitted (orange lines) ADPL spectra of ICzTRZ in different 
hosts. The TDM orientation parameter is given in each case, which is obtained by numerical 
fitting.  
 
Figure S4: Orientation factors for DMAC-TRZ (left) and ICzTRZ (right) with 5 and 10 wt% in 
different hosts. The values are in good agreement within the error range of each other for 




2. Refractive indices of host materials 
The optical constants of the host materials were investigated by variable angle spectroscopic 
ellipsometry with a Sentech SE850 ellipsometer. After the measurement the obtained Ψ and Δ 
values were fitted with the Software Spectra Ray 3 to determine the refractive index as well as 
the extinction coefficient dispersion curves. Potential birefringence is considered by performing 
measurements and modelling at multiple angles. 
The resulting data are shown in Fig. S5. The refractive index dispersion is mostly relevant for 
optical simulation in the spectral range of emission of the TADF emitters (i.e. approximately 
400-650 nm), whereas the extinction coefficient is additionally needed to discuss excitation 
conditions of the used incident laser at 325 nm. 
 
Figure S5: Refractive index (n) and extinction coefficient ()  in the inset. TCTA and PO9 have 
two components on n-, which indicates birefringence. The same is true for a neat film of the 
emitter DMAC-TRZ, which is shown for completeness as well. 
It is worth noting that in most of the guest-host system energy transfer takes place between host 
and emitter when the substrate is irradiated with the 325nm laser; however, DPEPO is an 
exception, because it does not show measurable absorption above 300nm. Due to direct 
excitation of the emitter it is possible in this case to see the effect of photo-selection. One can 
6 
 
therefore not completely rule out that only certain TDM orientations are excited in the 
configuration of ADPL. This is a topic of ongoing research to investigate this effect. 
3. TD-DFT of emitter molecules 
At first the structure of emitter molecules was optimized in vacuum employing density 
functional theory (DFT) with the PBE0 functional (Adamo and Barone, 1999) and the 6-31G** 
basis set (Pople et al., 1976). This level of theory was chosen as it is able to reproduce the 
dihedral between the donor and acceptor units of ICzTRZ published elsewhere (Zhang et al., 
manuscript submitted) more accurately than other functionals (e.g. B3LYP). After that, time 
dependent (TD) calculations were performed using the Tamm-Dancoff approximation (TDA) 
(Moral et. al., 2015) in order to determine the natural transition orbitals and the transition dipole 
moments that are shown in the main publication. These orbitals and the TDM vectors refer to 
the excitation with the lowest energy and also exhibit the largest oscillator strength compared 
to all the transitions. All calculations were carried out with Jaguar (Bochevarov et al., 2013) as 
part of the Maestro Software Package of Schrödinger version 2019-4 (Schrödinger, 2019) and 
are in good agreement with previous studies (Lin et al., 2016; Zhang et al., manuscript 
submitted)  
4. Permanent dipole moments (PDMs) of host molecules 
In order to optimize the three-dimensional structures of the host molecules we first conducted 
a conformational search of the molecules in vacuum employing the molecular dynamics library 
MacroModel (Schrödinger) and the OPLS3 force field (Harder et al., 2016). After that we 
performed a density functional theory (DFT) geometry optimization for all relevant 
conformations with the a-posteriori functional B3LYP-D3 and the basis 6-31G** in the DFT 
code Jaguar (Bochevarov et al., 2013) . Both programs are part of the Maestro Software Package 
of Schrödinger version 2019-4 (Schrödinger, 2019). Some of the hosts in this study exhibit 
multiple stable conformations with similar gas phase energy but notable differences in 
molecular geometry and PDM, as already reported for OXD-7 (Emelyanova et al., 2013). For 
example, mCBP shows many different conformations in the gas phase, due to the possible 
rotation of the two carbazole groups. More importantly, the molecule is additionally able to 
rotate around the central single bond between the phenyl rings as shown in Figure S5. We 
identified two possible configurations of this dihedral angle rotations leading to PDMs of 0.8 




Figure S6: The 3 single bonds in mCBP allow for a large number of conformations with nearly 
equal energy. While the rotation of the carbazole is nearly free (blue arrow) only two 
configurations for the rotation around the central single bond are stable (red), defining the 
possible PDMs of the molecule.  
In order to estimate the average permanent dipole moment in a film, we calculated the 
Boltzmann population with the gas phase energy of the different components considering all 
predicted stable conformations and weighted them accordingly. Figure S7 shows an overview 
of the predicted structures for the other 7 polar host materials. (Not shown is TCTA, where the 
literature does not report any significant PDM.) The values for the permanent dipole moments 
are in good agreement with available published data (Emelyanova et al., 2013; Noguchi et al., 
2019), except for DPEPO. In this case values ranging from 2.2 D (Ahn et al., 2018) to 8.1 D 
(Northey et al., 2017) have been reported, already indicating its conformational flexibility. In 
previous work, the performance of TADF materials in DPEPO was related to a reorganization 
of the molecule in thin films (Deng et al., 2019), stating that even in the solid state DPEPO can 
geometrically relax and adjust its PDM to stabilize the excited state of a TADF emitter. We 
therefore conclude that for DPEPO the gas phase calculation and a Boltzmann population of 
the available states in the gas phase does no longer govern the situation in the film. Instead, 
preliminary calculations reflecting the actual film morphology indicate that there is a broad 
distribution of PDMs in DPEPO films leading to an average value in the range of 5 to 6 D. 
Thus, we use a value of about 5.5 D for the calculations of the degree of PDM alignment 




Figure S7: Overview of the optimized 3D gas-phase structures and the PDMs of the polar hosts, 
used in this study. In case when there are multiple conformers with different PDM for the same 
molecule, one exemplary configuration for each PDM is shown. From the Boltzmann 
population of all the calculated conformations we expect an average PDM of 5.5 D for OXD-7 
and 2.1 D for DPEPO; however, as discussed in the text the latter value is not realistic for thin 




5. Impedance spectroscopy and permanent dipole orientation of host materials 
We used impedance spectroscopy on a simplified device structure as shown in Figure S8 in 
order to study the giant surface potential (GSP) and the orientation of the permanent dipole 
moments of the host molecules. If polar molecules show an orientation of their PDMs in a way 
that a negative charge density is formed at the interface to a non-polar hole transport layer 
(HTL), holes are injected into the HTL even at voltages below the built-in potential 𝑉𝑏𝑖 (Berleb 
et al., 2000). This behavior leads to a characteristic step in the capacitance-voltage curve as it 
is visible for BPCO, PO9, DPEPO and mCBP-CN in Figure S8. For the other polar materials, 
we refer to previous studies as summarized, e.g., by Noguchi et al (Noguchi et al., 2019).  
The onset voltage of the step in the C-V-measurement is usually referred to as the transition-
voltage 𝑉𝑡 and the value of the capacitance at the plateau is typically termed 𝐶𝐸𝑇𝐿 as only the 
ETL is acting like a dielectric in this regime (Nowy et al., 2010). From these values the GSP of 




⋅ (𝑉𝑡 − 𝑉𝑏𝑖) 
 
 
Figure S8: (Left) Schematic sketch of the device structure used for impedance spectroscopy 
measurements. The anode consists of 150 nm pre-structured ITO with PEDOT:PSS spin-coated 
on top for hole injection. The active device layers are 70 nm of NPB as a non-polar HTL and 
typically 70 nm of the polar material under investigation. A cathode with 15 nm Calcium and 
100 nm of Aluminum are evaporated as top contact. (Right) Exemplary capacitance voltage 
characteristics of the device structure with mCBP-CN, BCPO, PO9, DPEPO and mCBP. The 
missing transition in the C-V curve of mCBP indicates that this material does not show any 
GSP in impedance spectroscopy.      
with the dielectric constant of the ETL material 𝜀𝑟, the permittivity of vacuum 𝜀0 and the active 
device area A (Brütting et al., 2001). In order to obtain information about the average 
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orientation of the permanent dipole moments, we calculate the fraction of oriented dipoles Λ. 
This order parameter is given by dividing the measured GSP through the maximum possible 











where 𝜌, 𝑁𝐴 and 𝑀 describe the density of the ETL, Avogadro’s number and the molar mass of 
the investigated material, respectively (Morgenstern et al., 2018)(Jäger et al., 2016). We 
obtained the density of the different compounds, where no literature values for amorphous films 
were available, from a molecular dynamics simulation with Desmond (Bowers et al., 2006) and 
the OPLS3 force field (Harder et al., 2016) within the Schrödinger Materials Science Suite. The 
density values (in g/cm3) are 1.19 for DPEPO, 1.15 for mCP, 1.13 for mCBP-CN, 1.13 for 
OXD-7 (Emelyanova et al., 2013), 1.11 for BCP, 1.15 for BCPO and 1.16 for PO9. For the 
calculation of the GSP we estimated the dielectric constant to be roughly 3.0. Please note that 
this assumption does not affect the calculated Λ parameters because both the expressions for 
the GSP and GSPmax contain this value. Only in cases when the GSP value has been determined 





6. Device structure and characterisation 
A study of potential TADF OLEDs was conducted using DMAC-TRZ as the emitter material 
with one of the hosts discussed in the manuscript. mCBP-CN was selected as host material 
since the orientation measurements indicate horizontal alignment of DMAC-TRZ in this host 
(θ= 0.21) and mCBP-CN is known for its bipolar charge transport properties.  
The fabricated device structure consisted of ITO (90 nm) with a spin-coated layer of HIL1.3 as 
anode. HIL1.3 is a PEDOT:PSS-type of conducting polymer used to enhance the work function 
of ITO for improved hole injection. This was followed by thermal vacuum evaporation of NPB 
(25 nm) as hole transport layer (HTL). Then, a layer of mCBP (10 nm) was deposited acting as 
an electron blocking layer before the deposition of the emitter-host system consisting of 10% 
DMAC-TRZ in mCBP-CN (10 nm). For the electron transport layer (ETL), a layer of neat T2T 
(10 nm) has been deposited followed by another layer of T2T (40 nm) doped with LiQ (30%) 
to enhance the electron injection and transport properties. To complete the stack, Aluminium 
(100 nm) was deposited as the cathode (Fig. S9).  
 
Figure S9: Schematic of the fabricated device stack. Energy levels (work functions for the 
anode with hole-injection layer and the cathode, HOMO/LUMO levels for the organic layers 
and the emitter) are indicated. 
Current-voltage-luminance characteristics were measured with a source-measure unit (Keithley 
2600) and a calibrated spot photometer (JETI Spectro-Radiometer). Using a Lambertian 
radiation pattern the obtained luminance was converted to external quantum efficiency values. 
12 
 
The OLED shows an EQEmax of 12.8 % at 53 cd/m
2 with a low turn on voltage of 2.4 volts 
(Figure S10 a&b). The electroluminescence (EL) spectrum in Figure S10c is used to calculate 
the CIE coordinates of (0.23, 0.45) for the emitted light. 
 
Figure S10: Device characteristics of the fabricated OLED shown in Fig. S9. (a) J-V-L curve, 
(b) EQE vs luminance, and (c) electroluminescence spectrum. 
The simulation of light outcoupling from OLEDs, shown in the main manuscript, has been 
performed with a dipole model as described in detail in Ref. (Schmidt et al. 2017). Therein the 
charge carrier balance for the device is taken to be 1, i.e. equal injection of holes and electrons 
and unity recombination in the device are assumed. This would result in an EQE-vs.-luminance 
plot, where the EQE is constant for low light intensity followed by a roll-off above a critical 
luminance. 
However, as visible in figure S9(b), the EQE curve resembles an inverted parabola. We observe 
a significant rise in EQE followed by a decrease past the max. EQE with increasing luminance. 
This can be attributed to a non-ideal charge carrier balance significantly less than unity, which 
apparently improves with increasing current until the competing roll-off takes over. We assume 
that this imbalance of charge carriers is the main reason for the discrepancy between the 
simulated light outcoupling and the actually measured max. EQE. However, it needs further 
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analysis and modification of the device stack, for example variation of the thickness of HTL 
and ETL, to get a better performance. We note that in a separate publication (Zhang et al. 
manuscript submitted) we obtained almost quantitative agreement between experiment and 
simulation for OLEDs based on ICzTRZ as emitter. 
7. Differential scanning calorimetry on host materials 
Differential scanning calorimetry of the hosts mCBP-CN, DPEPO, mCBP and mCP and as well 
as emitters DMAC-TRZ and ICzTRZ was performed with a Mettler DSC3+ in pierced Al pans 
under nitrogen flow. The glass transition temperature (Tg) was determined as the inflection 
point of the step in the second heating scan at 10 K/min (Fig. S11). Every compound has been 
subjected to 4 heating and cooling cycles. The heatings were made at different rates (10 K/min, 
10 K/min, 20 K/min and 40 K/min) to get reproducible data while the coolings were made with 
a high rate of 100 K/min in order to induce an amorphous state of the compounds. The heating 
scans of DPEPO are shown in Fig. S11a (for clearance the coolings are excluded and the focus 
is on the Tg). The first heating doesn’t show any glass transition because the compound is fully 
crystalline with a melting point at 281°C. From the second heating on, due to the fast cooling 
rate, it is possible to see the Tg value at 93°C (and recrystallization around 180°C). In particular, 
by increasing the heating speed, the glass transition gets more pronounced and shifts to higher 
temperatures due to a delay in the instrument’s response. For this reason, the value of Tg is 
taken from the second heating run. Fig S11b shows DSC heating scans of mCBP-CN. In the 
first run there is only the melting point at 256 °C and no recrystallization is observed. Upon fast 
cooling (100K/min) 2nd, 3rd and 4th heatings show Tg at 113°C. mCP shows a very similar phase 
behaviour with a melting at 182°C and a low glass transition at 65°C. The phase behaviour of 
mCBP with a Tg of 92°C is more complex. In all scans starting from the 2
nd, heating 
recrystallization is observed at about 150°C before melting at 269°C. For the carbazole-based 
molecules it is possible to see a clear increase of Tg going from the smallest molecule (mCP) to 
the bulkiest one (mCBP-CN). mCBP shows an intermediate Tg, similar to the one of DPEPO. 
DMAC-TRZ shows a glass transition at 93 °C and a melting point at 234 °C. ICzTRZ, due to 
the higher molecular weight, shows a Tg at 253 °C and a melting point at 418 °C followed by 





Fig. S11: Heating scans of (a) DPEPO and (b) mCBP-CN with focus on Tg. (c) Glass transition 
temperatures of the hosts mCBP-CN, DPEPO, mCBP and mCP are derived from the second 
heating scan as described in the text. 
 
Fig. S12: Heating scans of DMAC-TRZ (left) and ICzTRZ (right) with focus on Tg. The glass 
transition temperatures are derived from the second heating scan are as indicated.  
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